Human norovirus (NoV) is the leading cause of nonbacterial gastroenteritis worldwide (3). The Centers for Disease Control and Prevention (CDC) estimate that 23 million cases of acute gastroenteritis due to NoV occur each year, with symptoms including acute-onset vomiting, watery nonbloody diarrhea with abdominal cramps, and nausea (35). NoV outbreaks are pervasive for many reasons, but particularly because the virus is highly contagious and environmentally hardy (7). Additionally, infected individuals can excrete millions of viral particles in feces, leading to large numbers in sewage (16). Without proper removal or inactivation during wastewater treatment, the viruses can be released into recreational and shellfishharvesting water bodies. Complete inactivation of NoV during sewage treatment is rare, and even in areas with proper wastewater treatment, contamination of oyster beds has been reported (5, 16, 17, 32, 38) . Because bivalve molluscan shellfish are believed to act as filters for viruses and other microbes and because NoV is extremely infectious (as little as one viral particle is required for disease), the disease risk for consumption of raw oysters is high (27, 33, 40) .
Human norovirus (NoV) is the leading cause of nonbacterial gastroenteritis worldwide (3) . The Centers for Disease Control and Prevention (CDC) estimate that 23 million cases of acute gastroenteritis due to NoV occur each year, with symptoms including acute-onset vomiting, watery nonbloody diarrhea with abdominal cramps, and nausea (35) . NoV outbreaks are pervasive for many reasons, but particularly because the virus is highly contagious and environmentally hardy (7) . Additionally, infected individuals can excrete millions of viral particles in feces, leading to large numbers in sewage (16) . Without proper removal or inactivation during wastewater treatment, the viruses can be released into recreational and shellfishharvesting water bodies. Complete inactivation of NoV during sewage treatment is rare, and even in areas with proper wastewater treatment, contamination of oyster beds has been reported (5, 16, 17, 32, 38) . Because bivalve molluscan shellfish are believed to act as filters for viruses and other microbes and because NoV is extremely infectious (as little as one viral particle is required for disease), the disease risk for consumption of raw oysters is high (27, 33, 40) .
Human NoV genogroup I (GI) and GII have been detected in oyster samples harvested from bays and estuaries worldwide (5, 10, 20) . Ueki et al. (42) detected NoV in both shellfish and the surrounding river water in Japan and concluded that NoV contamination was most likely due to sewage and treated wastewater input into the river; however, no study has yet been able to characterize how NoV may be naturally distributed in an estuarine system, including in water, adhered to particles (including plankton), and in shellfish. The limitations are due in part to a lack of adequate detection methods specifically adapted to different environmental-sample types (8) . Using a newly developed detection and quantification protocol (21) , this study aimed to examine the distribution of NoV genogroups across a range of sample types within an estuarine system with the goal of better characterizing possible circulation of viruses between water, plankton, and oysters.
MATERIALS AND METHODS

Controls. (i) NoV-positive controls.
Three NoV-positive fecal samples, representing genotypes GI.4, GI.3b, and GII.4 Minerva, were provided as controls for this study by the CDC. Stool samples were diluted to obtain a 20% suspension in phosphate-buffered saline (PBS), vortexed, and centrifuged at 15,700 ϫ g for 2 min.
(ii) Viral-RNA extraction from stool. For stool samples, viral RNA was extracted from the clarified PBS extracts using the MagMAX-96 Viral Isolation Kit (Ambion, Austin, TX) and the KingFisher Instrument (Thermo Electron Corporation, Waltham, MA), which automatically purifies viral RNA. The purified RNA was eluted into 55 l elution buffer, provided in the kit.
(iii) RNA transcript standards. To enable quantification by real-time reverse transcription (RT)-PCR, we used GI and GII plasmids (1) to generate RNA runoff transcripts. Briefly, the norovirus 3-kb plasmids were purified using the QIAprep Spin miniprep kit (Qiagen) and linearized with the restriction enzyme NotI (New England Biolabs, Inc., Ipswich, MA). RNA runoff transcripts were synthesized using the Megascript High Yield Transcription kit (Ambion, Austin, TX), and the transcripts were cleaned from plasmid DNA with the Megaclear kit (Ambion). Transcript integrity was confirmed by 2% agarose gel electrophoresis containing 2.2 M formaldehyde and visualized under UV light, and the transcripts were quantified spectrophotometrically at A 260 , diluted in diethyl pyrocarbonate-treated water to 1 ϫ 10 6 copies l
Ϫ1
, and stored at Ϫ80°C with 1.0 U l Ϫ1 RNasin (Promega, Madison, WI). A 10-fold serial dilution was made (in duplicate) and used to create the standard curves for quantification.
Sample collection. The oyster, plankton, and water samples used in this study were obtained from 12 stations representing two estuaries off the coast of Georgia. Six stations (B1 to B6) were located in Sapelo Sound, and six (D1 to D6) were located in Wassaw Sound (Fig. 1) . From each station, 2 liters of water was collected and two plankton tows (for unique plankton size fractions) were performed. Oysters were not present at all stations and were, therefore, collected at only one station from each estuary, as described below. As is typical of the Georgia coast, these estuaries have large tidal ranges (1.7 to 2.1 m) but are somewhat unusual in having minimal freshwater influence from rivers (23) . These estuaries had different population influences. Wassaw Sound, adjacent to Chatham County (and the city of Savannah), has a population of 241,411 (43). Sapelo Sound, near MacIntosh County, is relatively rural and has a population of 11,248 (43) . Additionally, the coastal area is primarily serviced by septic systems for wastewater disposal (45) , and as many as 10% of the septic systems are located within 1 ft of a water body (45) . Stations B2, B3, B5, and B6 were located near a region of dense septic systems.
Each (i) Oyster samples. At each sample collection, between 20 and 40 intact oysters were collected from one public shellfish-harvesting site in each estuary. In Wassaw Sound, oysters were always collected from station D2. In Sapelo Sound, oysters were collected from station B5 from September 2006 to January 2007. High water levels prevented the collection of oysters from station B5 for the remainder of the study period. Consequently, oyster samples were collected from station B3 from February through September 2007. The oysters were kept on ice during transport and were frozen at Ϫ20°C before being processed.
(ii) Plankton samples. Two plankton size fractions were collected using 63-m-mesh and 200-m-mesh plankton nets (Aquatic Research Institute, East Chicago, IN) that were towed horizontally at ϳ1-m depth for 5 min. Each fraction was collected in presterilized 1-liter polypropylene bottles. The samples were held at ambient temperatures (22°C to 25°C), transported to the laboratory within 6 h of collection, and processed. Temperatures during transport were monitored with a minimum/maximum recording thermometer. Each raw plankton collection was refiltered through 63-and 200-m nets to attain exact size fractions, 63-to 200-m and Ͼ200-m, and homogenized for 5 min using a Pro Scientific (Oxford, CT) Series Pro 200 homogenizer. The 63-to 200-m fraction primarily included phytoplankton and some juvenile zooplankton, while the Ͼ200-m fraction contained zooplankton (41) . Equivalent wet weights were determined for each milliliter of sample for each fraction.
Water samples. Two liters of water was taken just below the surface at each site in presterilized polypropylene bottles off the side of the boat. The samples were held at ambient temperature (22°C to 25°C), transported to the laboratory within 6 h of collection, and processed.
Sample processing. (i) Oysters. NoV RNA was extracted from oyster digestive tract tissue as described previously (21) . Briefly, the digestive glands of between 4 and 11 oysters, equaling at least 5 g, were removed from the shell and peripheral flesh and finely chopped with a sterile razor (22) . Approximately 5 g was added to an equal volume of PBS plus 100-g ml Ϫ1 proteinase K to degrade the shellfish tissue and release the virions into suspension. The suspension was incubated at 37°C for 1 h with shaking at 320 rpm on a C24 (New Brunswick Scientific, Edison, NJ) incubator shaker and vortexed. It was then incubated at 65°C for 15 min to inactivate the enzyme, vortexed, and centrifuged at 3,000 ϫ g for 5 min. The soluble portion (approximately 8 ml) was aliquoted into cryovials and stored at Ϫ80°C.
One hundred and fifty microliters of supernatant from oyster homogenate was used for RNA extraction using the Qiagen RNeasy Mini Kit, following the plant and fungus procedure (14) . The sample (150 l) was added to 450 l of a guanidine thiocyanate solution (including 45 l ␤-mercaptoethanol) and vortexed vigorously. Any remaining cell debris in this suspension was removed using Qiashredder spin columns. The flowthrough was then added to 0.5 volume (ϳ250 l) 100% ethanol and loaded into the RNeasy Mini columns, where bound RNA was washed with guanidine salts and ethanol and finally eluted into 50 l nuclease-free water.
(ii) Plankton. A plankton suspension was made, and RNA was extracted, in a method similar to that used for the oysters (21) . Briefly, approximately 300 g of homogenized plankton was separated into a microcentrifuge tube. An equal volume-to-weight of PBS plus 100 g ml Ϫ1 proteinase K was added to the tube, and the solution was vortexed and shaken at 320 rpm for 1 hour at 37°C in a C24 (New Brunswick Scientific) incubator shaker. The tube was then heated to 65°C for 15 min to deactivate the proteinase K and centrifuged at 3,000 ϫ g for 5 min. The supernatant (approximately 6.5 ml) was carefully removed, aliquoted, and stored at Ϫ80°C. The Qiagen RNeasy Mini kit, following the plant and fungus procedure, was used to extract RNA from 150 l of the plankton concentrate, and the RNA was eluted into 50 l nuclease-free water (Qiagen, Valencia, CA) (21) . The RT-PCR mixture for all assays contained 2 l of sample, each primer at a concentration of 400 nM, each probe mixture at a concentration of 120 nM, 12.5 l of 2ϫ RT-PCR buffer, 1 l of 25ϫ RT-PCR enzyme mixture, 1.67 l of detection enhancer, and nuclease-free water for a total reaction mixture of 25 l (Ambion AgPath-ID One-Step RT-PCR kit). The reaction mixture was subjected to a one-step assay on an ABI 7900 (Applied Biosystems, Foster City, CA), an ABI StepOne (Applied Biosystems, Foster City, CA), or an Eppendorf (Hamburg, Germany) Mastercycler ep realplex under the following conditions: (i) RT for 10 min at 45°C, (ii) 10 min at 95°C, and (iii) 45 cycles of 10 s at 95°C, 30 s at 55°C, and 15 s at 72°C.
All amplification reactions were carried out in duplicate, resulting in a total of 8 reactions per sample (i.e., 2 primer sets ϫ 2 genogroup targets ϫ 2 replicates). RNA extracts from samples that showed a positive signal in either or both of the duplicate reactions were reamplified by RT-PCR to confirm the result. Only after a sample produced a second positive result was it counted as an overall positive. The mean cycle crossing-point value was calculated from the final duplicate samples and compared to standard curves created using RNA transcripts for GI.4 and GII.4 to determine the number of genome copies present (21) . For simplicity, when both primer sets resulted in a positive signal for a specific genogroup target, the genome copy number was determined using a standard curve based on the primer set described by Jothikumar et al. (24) . The limits of sensitivity for the two primer sets are similar and range from 20 to 2,000 genome copies, with higher detection limits noted for GII (21) . Detection efficiencies following these extraction methods range from 80% for oysters to 0.14% for plankton (21) ; for water, this method is efficient up to 5.9% (44) .
To ensure quality control, sample preparation and reagent preparation were each carried out in separated work areas, using dedicated workstations equipped with UV lamps, in a controlled-access laboratory. Samples were added to reaction tubes using only positive-displacement pipettes to avoid possible carryover contamination. A no-template negative control (nuclease-free water) was included in all runs. All amplifications took place in a physically separated laboratory with an independent air-handling system.
Statistical analyses. Data were analyzed using SAS (Cary, NC) and Minitab (State College, PA) software for Windows. Spearman's rank correlations were performed to compare NoV concentrations with environmental parameters, including rainfall and temperature. Kruskal-Wallis tests were used to compare NoV concentrations between sample types (i.e., oysters, water, and plankton). Tukey's honest significant-difference test was used to compare the proportions of samples positive for each of the NoV genogroups (GI versus GII) across all samples (MULTPROP.MAC macro in Minitab v.14). In all cases, significance was declared at a P value of Յ0.05.
RESULTS
A total of 10 oyster samples were collected during the year; high water levels prevented collection during March and April of 2007 in Wassaw and Sapelo Sounds, respectively. Additionally, the oysters collected in October 2006 were not included in the study because they were depleted before a validated extraction method was implemented (21) .
In all, 225 samples (9 oyster, 72 water, 72 63-to 200-m plankton, and 72 Ͼ200-m plankton) were analyzed, of which 21 samples (9.3%) were positive for NoV. The average concentrations of NoV genome copies were 2. In Wassaw Sound, 50% (5/10) of positive samples (and 25% of total positive samples, including both Wassaw and Sapelo Sounds) were detected at station D2 (oyster and water). While no station in Sapelo Sound had a statistically greater percentage of positive samples, 75% of NoV-positive samples were detected at stations B3 and B5 combined (oyster and both plankton fractions). Temporal and seasonal distribution. NoV-positive samples were detected in 7 of the 12 months studied (Table 2 and The potential relationship of NoV levels to environmental parameters was also examined, and while there was an inverse association between both NoV concentration and rainfall and NoV concentration and temperature, there were no statistically significant relationships (data not shown). Additionally, there was no significant relationship with any of the other measured water quality parameters (pH, salinity, and dissolved oxygen content). (Ϯ2.0 ϫ 10 14 SD) copies g Ϫ1 in Ͼ200-m plankton (Fig. 3) . GII was never found in oysters or Ͼ200-m plankton samples but averaged 1.5 ϫ 10 Ϫ3 (Ϯ1.3 ϫ 10 Ϫ2 SD) copies ml Ϫ1 in water and 5.4 ϫ 10 2 (Ϯ4.6 ϫ 10 3 SD) copies ml Ϫ1 in 63-to 200-m plankton (Fig. 3) .
When only NoV-positive samples were considered, the concentrations for both genogroups combined ranged from a low of 1.1 ϫ 10 Ϫ1 genomes ml Ϫ1 (water; September 2007) to a high of 1.7 ϫ 10 15 genomes g Ϫ1 (Ͼ200-m plankton; March 2007) ( Table 2 ). Positive water samples averaged 2.3 ϫ 10 5 (Ϯ5.7 ϫ 10 5 SD) genomes ml Ϫ1 (n ϭ 6). For oysters, the mean concentration among positive samples was 5.0 ϫ 10 7 (Ϯ8.6 ϫ 10 7 SD) genomes g Ϫ1 (n ϭ 5), assuming all viruses were contained in the digestive tract. Among the 63-to 200-m plankton samples, the mean concentration was 9.2 ϫ 10 7 (Ϯ2.2 ϫ 10 8 SD) genomes g Ϫ1 (n ϭ 8), and the mean concentration for the Ͼ200-m plankton samples was 8.7 ϫ 10 14 (Ϯ1.2 ϫ 10 15 SD) genomes g Ϫ1 (n ϭ 2). Positive findings in concurrently collected sample types (Ն2) from the same station occurred four times during the study period (Table 2) . NoV GI was found in oysters and water at station D2 in (Table 2) .
DISCUSSION
Human NoV is the most significant viral pathogen associated with food-and waterborne outbreaks of acute gastroenteritis (3). Outbreaks due to contaminated water and oysters pose a serious risk in the United States and abroad. We investigated the distribution of NoV in shellfish-harvesting waters, a key component in the circulation of human NoV between contaminated water, food, and humans. While oysters were more often contaminated with NoV in these Georgia estuaries (55% positive) than other sample types, plankton were found to be a novel source of high virus concentrations, with up to 1.7 ϫ 10 15 genomes g Ϫ1 . Additionally, NoV GI was found more frequently and at higher concentrations than GII, which is most commonly implicated in outbreaks. These results indicate that NoV, especially GI, may circulate widely between water, plankton, and oysters and suggest that accumulation by oysters could be affected by the existence of a plankton-based reservoir for these viruses in polluted waters.
Spatial trends. Both estuaries evaluated in this study support active commercial and recreational shellfish-harvesting activities, and both were open for harvesting through the study period. The frequencies of NoV-positive samples and the average concentrations were similar in Wassaw and Sapelo Sounds, with the notable exception of very high levels detected in the Ͼ200-m plankton fraction from Sapelo Sound. Additionally, in Sapelo Sound, 75% of positive samples were found at only two stations, both of which were situated in an area reported to contain a high density of aging septic systems (45) with inadequate drainage (23, 45) . Septic systems could be a major contributor to NoV contamination in this region.
In Wassaw Sound, 5 of the 11 positive samples were recorded in September 2007 (including water and plankton at stations D2 to D5). While septic systems are also common in this region, the adjacent city of Savannah is serviced by centralized wastewater treatment. In August, the Chatham County Wastewater authority reported a minor sewage spill near Betz Creek (in the immediate vicinity of stations D2 and D3). While follow-up tests for fecal indicator bacteria suggested only a low level of contamination (data not shown), it is possible that NoV contamination in this area may reflect the influence of sewage discharge.
Seasonal trends. Although more samples tested positive for NoV in the winter, the number was not much greater than in other seasons. This may reflect an important distinction between clinical outcome and environmental prevalence, as clinical studies in the United States and Europe report NoV primarily as a winter disease (36) . Whereas NoV displays a seasonal distribution in restricted environments, such as hospitals, nursing homes, schools, and the military, the seasonal variation is much less pronounced in the larger community (34) . Although studies of waterborne NoV seasonality are limited, the results of this study and others (46) suggest that NoV may be more persistent in the estuarine system over a variety of seasons than previously thought, and thus, the estuarine distribution of the virus may be an important factor in the occurrence of disease cases and outbreaks. Distribution among estuarine sample types. Oysters had the highest percentage of NoV-positive samples (55%) of any sample type. This is consistent with previous work showing NoV prevalence in oysters as high as 44% (12) . Our detection rate may have been slightly greater due either to higher loads or to improved detection efficiency compared to earlier studies (21) . Detection rates of 8% in water from this study is also consistent with the results of La Rosa et al. (30) , who showed lower overall detection in natural water samples than in oysters.
NoV can persist in water and oyster samples for extended periods (37) ; however, the full distribution of NoV in the environment is as yet unknown. While laboratory studies show that enteric viruses are protected from microbial degradation, heat, and salts when associated with marine sediments (29) , much less is known about viral association with organic particles. A novel component of this study was the examination of plankton for NoV. We found that 63-to 200-m plankton (a mix of phytoplankton and zooplankton) (41) made up 31.0% (8/21) of all NoV-positive samples. Additionally, the Ͼ200-m plankton (primarily zooplankton) (41) had the highest concentrations of NoV genomes of any sample. We speculate that NoV may be adsorbed to plankton particles in general via electrostatic interactions, similar to viral adsorption to sediment and other particles (28) . Most enteric viruses are negatively charged under neutral and alkaline pH conditions (2) . Although no work has yet characterized the charge on zooplankton particles, Bayne and Lawrence (4) found that among phytoplankton in the 6-to 100-m size fraction, the majority of Chlorophyta, Cyanophyta, and Euglenophyta were neutral to positively charged and therefore could support adsorption of negatively charged enteric viruses. While there is no definitive evidence for the mechanism promoting virus association with plankton, it may be a significant area for future research.
If plankton, or other organic particulates, offer a reservoir for NoV, they may provide an important link for promoting virus accumulation in shellfish (hepatopancreas) tissues. Bivalves use three selective mechanisms to distinguish particles while filter feeding: particle retention, preingestive selection, and differential absorption (11) . These mechanisms allow bivalves to retain only organic particles of the correct size and seston load (6) . Adsorption to plankton particles could allow viral particles to be retained in the oyster and ingested in the digestive tract, whereas adsorption to sediment particles or presence in water alone could more often result in expulsion as pseudofeces. Thus, adsorption to plankton rather than inorganic (sediment) particles may be an important factor in transmission to bivalve molluscan tissues and, in turn, to humans.
Genogroup distribution. An unexpected result of this study was that the majority of positive samples were from GI; only 9.5% of the positive samples were from GII (2 of 21 samples). The GII-positive samples also contained the smallest quantity of NoV detected in any sample throughout the study period. While both GI and GII NoVs are found commonly in sewage samples, outbreaks are more frequently attributed to GII (19, 30, 31, 39, 42) . The prevalence of NoV GI strains in this study may be attributed to the use of two improved real-time assays (21) , possibly giving a more accurate view of NoV GI presence in the environment; however, the limits of detection are lower for GI than for GII using these RT-PCR assays (21) . Despite methodological differences, recent evidence suggests that NoV GI may be more pervasive than previously thought. For example, GI strains detected in NoV outbreaks increased from 4% between 1996 and 1997 to 25% between 1997 and 2000 according to one U.S. study (18) . Additionally, among 54 U.S. travelers to Mexico and Guatemala diagnosed with traveler's diarrhea, 26 were confirmed to have NoV infections, all of which (26/26) were GI (9) . An analysis of wastewater in France showed that NoV GI and GII were present in 43 and 88% of sewage influent samples, respectively, but in 24 and 14% of effluent samples, respectively, suggesting that sewage treatment is less effective for treating NoV GI than GII (13) . Additionally, NoV GI was more variable, had higher peaks, and had higher average positive influent concentrations than NoV GII (13) . These data suggest that there may be differences in environmental persistence between viruses belonging to the two genogroups. NoV detected in sewage and in the environment may more accurately reflect the true circulation in the population, rather than reported cases, which is a small proportion of the total cases (13) .
Conclusions. Previous studies have investigated the presence of NoV in environmental oyster samples, but few studies have examined the presence of NoV in oysters over a full year, and even fewer have examined NoV presence in water environments surrounding shellfish-harvesting areas. This is the first study to examine the association between NoV and oysters, water, and plankton. We found a higher prevalence of NoV GI than GII, suggesting that NoV GI may be more environmentally hardy than GII in the estuarine environment or that GI strains are circulating more widely in the population than expected. Additionally, we discovered that NoV is associated differentially with plankton size fractions and that the Ͼ200-m fraction can harbor concentrations greater than 10 13 copies g Ϫ1 . Future research should address the notion that organic particles (i.e., plankton) can provide a reservoir for increased persistence of NoV in coastal waters. Enteric viruses concentrated within plankton fractions could feasibly increase the probability of uptake by oysters during feeding. All of these dynamics are significant new findings that point to the need for more studies of NoV in the water environment.
